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In this paper the results of investigations of electrical properties of metaldielectric nanocomposites
(FeCoZr)x(CaF2)100−x are presented. The samples with the metallic phase content x = 45.7 at.% were pro-
duced by ion-beam sputtering method in pure argon atmosphere, and subsequently annealed at 398 K for 15 min.
The measurements of electrical properties were performed in the frequency range from 50 Hz to 1 MHz. The fre-
quency dependences of phase angle θ, capacity Cp, conductivity σ and dielectric loss factor tan δ were measured
at seven diﬀerent temperatures ranging from 148 K to 263 K. It was found that the nanocomposite exhibits the
phenomena of voltage resonance and current resonance, characteristic of the conventional RLC circuits with series
and parallel connections of elements.
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1. Introduction
Recently much attention has been paid to the inves-
tigations of nanosized composite structures [13]. These
materials exhibit a number of interesting mechanical [4],
chemical [5], optical and electrical [6] properties. This
is mainly related to quantum phenomena which occur in
the nanocomposites and surface inﬂuence on their prop-
erties, and above all, surface energy in comparison to
bulk materials.
In the previous papers frequency dependences
of electrical properties for the nanocomposites:
(FeCoZr)x(PZT)100−x [7], (FeCoZr)x(Al2O3)100−x [8]
and (FeCoZr)x(CaF2)100−x [9] produced by ion-beam
sputtering in the argon and oxygen atmosphere were pre-
sented. After annealing of the nanocomposite samples
at temperatures above 398 K some phenomena char-
acteristic of a conventional RLC circuit were observed.
Phase angle θ changes its value in the range from −20◦
to +135◦. This is related to the mechanism of charge
transfer, whose model was presented and described
in [7]. In the low frequency area, where θ assumes values
smaler than 0, capacity type of conductivity is observed,
and in the high frequency area, where θ > 0◦, inductive
type of the conductivity occurs.
For the (FeCoZr)x(CaF2)100−x samples oxygen from
the sputtered ion beam, and ﬂuorine in the dielectric
*corresponding author; e-mail: t.koltunowicz@pollub.pl
matrix react with the surface of metallic phase parti-
cles during annealing and form a coating on some of
them [10]. In this way, in the nanocomposite charge
transfer can occur: 1  through the ﬁrst particle coat-
ing  dielectric matrix  to the second particle through
coating; 2  through the ﬁrst particle coating  dielec-
tric matrix  to the second particle without coating;
3  from the ﬁrst particle without coating  dielectric
matrix  to the second particle without coating. There-
fore in the nanocomposite three diﬀerent returning jumps
of time constants occur which is the reason for transit of
phase angle through the values 0◦ and +90◦.
In this paper the frequencytemperature depen-
dences of electrical parameters of the nanocomposite
(FeCoZr)x(CaF2)100−x fabricated by ion-beam sputter-
ing in a pure argon atmosphere with the metallic phase
content x = 45.7 at.% are presented.
2. Experimental results and discussion
In Fig. 1 the frequency dependence of phase an-
gle for the nanocomposite (FeCoZr)45.7(CaF2)54.3 sam-
ples for seven selected measurement temperatures,
which were obtained immediately after fabrication with-
out annealing in the tubular furnace, is presented.
The characteristics are similar to those observed in
nanocomposites (FeCoZr)x(CaF2)100−x produced in oxy-
gen atmosphere [11], (FeCoZr)x(PZT)100−x [12] and
Cux(SiO2)100−x [13]. The phase angle θ increases with
the increasing frequency and changes its value in the
range −15◦ ≤ θ ≤ +130◦ such as for the measurement
temperature Tp = 248 K. Nanocomposite annealing at
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Fig. 1. Frequency dependences of the phase angle θ for
the nonannealed nanocomposite (FeCoZr)45.7(CaF2)54.3
sample measured at diﬀerent Tp.
Fig. 2. Frequency dependences of the phase an-
gle θ measured at diﬀerent Tp on the nanocomposite
(FeCoZr)45.7(CaF2)54.3 annealed at Ta = 398 K.
Ta = 398 K extends the θ changes for the same mea-
surement temperatures toward negative values reaching
θ = −35◦ (Fig. 2).
Similar to the voltage resonance in the conventional
series RLC circuit, compensation of voltages on the ca-
pacity and inductance, which gives θ = 0 at the resonance
frequency fR, occurs (Fig. 2) with the observed minima
at fR in the frequency dependence of the capacity Cp(f)
(Fig. 3).
The measurements were performed using an
impedance bridge therefore simultaneous measurement
of capacitive and inductive components is impossible.
As follows from the theory of current resonance
ωRL− 1
ωRC
= 0, (1)
where C is the capacity, L is the inductance of series
Fig. 3. As in Fig. 2, but for capacity Cp.
Fig. 4. As in Fig. 2, but for conductivity σ.
circuit, ωR = 2pifR is the resonance angular frequency.
Theoretically, the capacity at the resonance frequency fR
exhibits a value close to zero, but the zero value is un-
likely to occur because measurements were made with
the frequency changes step of 10 points per decade.
When the value θ passes through +90◦ the phenom-
ena similar to the current resonance in the conventional
parallel RLC circuits are observed. This is evident in the
case of the frequency dependence of conductivity σ(f)
(Fig. 4) where σ at the resonance frequency fR90 reaches
a local minimum. Resonance resistance during the cur-
rent resonance is much lower than active resistance of the
circuit. According to the theory of current resonance, the
following condition should be met:
RR =
LP
rPCP
, (2)
where RR is the circuit resistance at the resonance fre-
quency, rP is the circuit active resistance, LP is the in-
ductance measured in a parallel arrangement, and CP is
the capacity measured in a parallel arrangement.
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Fig. 5. As in Fig. 2, but for dielectric loss factor tan δ.
The frequency dependence of the dielectric loss fac-
tor tan δ conﬁrms that voltage and current resonances
occur in the examined nanocomposite, as it is shown
in Fig. 5. The maximum of the tan δ value corresponds
to a voltage resonance  there is only active component
of resistance. This would result in an increase of the
tangent to inﬁnity, but the maximum range of the me-
ter is limited to the value 10 (see Fig. 5). The minima
of tan δ are due to large diﬀerence between the resistance
resonance and active resistance of the circuit at current
resonances. From Eq. (2) it follows that:
RR
rP
=
LP
r2PCP
= Q2 =
1
tan2 δ
, (3)
where RR is the circuit resistance at the resonance fre-
quency, Q is the quality factor, and rP is the circuit active
resistance.
The angular frequencies at voltage and current reso-
nances (ωRS and ωRP, respectively) can be expressed by
the formulae
ωRS =
1√
LSCS
, (4)
where LS and CS are the inductance and the capacity
measured in a series arrangement, and analogously
ωRP =
1√
LPCP
. (5)
Fig. 6. Equivalent circuit of the nanocomposite
(FeCoZr)45.7(CaF2)54.3 annealed at Ta = 398 K.
Analyzing the above results there was proposed an
equivalent circuit for the studied nanocomposite, con-
sisting of series and parallel RLC circuits which describe
the voltage and current resonances, respectively. This
scheme is given in Fig. 6.
3. Conclusions
In this paper frequency and temperature dependences
of phase angle θ, capacity Cp, conductivity σ and dielec-
tric loss factor tan δ for the metaldielectric nanocompos-
ite (FeCoZr)x(CaF2)100−x with the metallic phase con-
tent x = 45.7 at.% produced in pure argon atmosphere
were presented.
In low frequency region at the values θ < 0 the
nanocomposite demonstrates capacitive type of conduc-
tion, while at high frequencies (θ > 0◦) it demonstrates
inductive type of conduction. Passing of θ through zero in
conventional series circuits RLC corresponds to the volt-
age resonance. The minimum of the dependences Cp(f)
and σ(f) corresponds to the transit of phase angle θ
through 0◦ and 90◦, respectively. The analysis of the
results showed that in the nanocomposite there occurs
a current resonance phenomenon which results from the
transit of the phase angle through the value +90◦.
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